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Cultured epithelial auto grafts are often applied to 
w ounds with a capacity for regeneration from dermal 
appendages. It is unclear in these circumstances 
w hether the cultured auto grafts act merely as a bio-
logic dressing or whether they become incorporated 
into the new epithelium. We have used retroviral 
gene transfer techniques to identify autologous kera-
tinocytes in an established porcine model of cultured 
epidermal (CE) grafting. Porcine keratinocytes were 
transduced with an MFG-laeZ nIs vector produced by 
the amphotropic packaging line GP+EnvAm12. 
Transduction rates of 15.1%, in the absence of selec-
tion, were achieved by a single passage on ')I-irradi-
ated retroviral producers as a feeder layer. Full-
t hickness wounds were created on Large White pigs 
and isolated from the surrounding skin by a polytet-
rafluoroethylene chamber. Wounds were grafted ini-
C ultured epiderm al (CE) autografts and allografts have been used to resurface major burns (0 'COI1Jl0r c( ai, 1981; H efton et ai, 1983), wounds resulting £i·om surgica l excisions (Gallico et ai, 1989), and chronic ulcers (Leigh et ai, 1987) . Much interes t has 
centered on the possible long-term pers istence of grafted cells, 
autologous or all ogenic, in the wound . On unequivocally full-
thickness wounds excised to tasc ia, epi thelial cover could reason-
ably be assumed to result fi·om graft "take" (O'Connor e( ai, 1981 ; 
Gallico et ai, 1984; H erzog et ai, 1988), but such a conclusio n 
carmot be drawn in mixed-depth bums (O'Connor et ai , 1981; 
Teepe el ai, 1990), in which residual dermal renmants could 
regenerate an ep ithelium. An important question therefore rem ains 
as to w hether any of the hea led epithelium is due to true "take" of 
the CE gra ft or whether it is wholly the result of endogeno us 
e pithelial ke ratin ocytes, stimula ted to proliferate by application of 
the CE graft (Leigh el ai, 1987; Regauer and Compton , 1990; 
Phillips et ai, 1993). Ln humans, in vestigators ha ve been able to use 
c haracteristic markers uniq ue to donor cells to iden tify grafted 
allogenic keratinocytes in the recipient wound. T hese have in-
cluded ABO blood groups (Mauduit et ai , 1987; Z hao et ai, 1992), 
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tially with autologous de-epidermized dermis (DED), 
followed 7 d later by sheets of retrovirally marked or 
unmarked CE autografts. Two weeks after grafting, 
the mean area of epithelium was 48.4% in wounds 
that received CE grafts and 32.3% in wounds that 
were left as DED alone. The epithelium on DED 
represents regeneration from dermal appendages. 
The contribution made by the autograft cells to the 
new epidermis was demonstrated unequivocally, 
however, by laeZ-positive areas visible macroscopi-
cally on the surface of the excised wound. In cryostat 
sections through the laeZ-positive areas , retrovirally 
marked cells were present at both superficial and 
basal positions in the new epithelium. K ey 1V000ds: 
lacZltl'allsdlletiOfllblll'llslpig. J Invest D en1latol 108:457-
462, 1997 
molecules of the major histocompatibility complex (Gielen el ai, 
1987) , and th e Y chromosom e (male donor to fem ale recipient) , all 
detected by DNA hybridization teclmiques (Brain el ai, 1989; Burt 
et ai, 1989; Zhao e( ai, 1992). The con sensus is that cultured 
allografts m ay indeed stimulate wound healin g, but immunologic 
rejection ensures that eventually no allografted cell s remain . Un-
fortunately, these techniques do not allow identifi cation of grafted 
al/tologol/s cells because every m arker on the bost is the same as 
those in the graft. It is therefore unclear to w hat exten t a grafted 
~luto logous CE sheet becomes incorporated into a new epithelium. 
For autologous cells, m arkers can bc provided only through th e 
introduction of new cell-surface or intracellular m o lecllles. R etro-
viral gene transfer techniques offer an efficient means to accomplish 
this while autologous keratinocytes arc expanded ex V;/IO before 
grafting. We have used genetic m arking with a laeZ reporter gene 
introduced by retroviral transduction of keratin ocytes in an estab-
lished porcine model of cultured epithelia.! grafting. T he m odel 
takes advantage of graftin g w ithin a rigid polytetraAuoroethylene 
chamber th at prevcnts the vigorous contraction of skin wounds 
invariably experienced in pigs, as well as ingrowth of epidermal 
cells from sUlTounding skin . T his allows a prolonged examination 
of the process of epithelial regeneration (Kangesu et ai, 1993b). In 
previous experiments from our group, CE graft "take" on fuIl-
thickness wounds was signifi cantly enhan ced when the wOlUlds 
were first engrafted with autol ogous de-epidennized dermis (DED) 
(Kangesu ef ai, 1993a). T hese studies used autologous DED, w hich 
displayed a low rate of spontaneous epidleli al regeneration. Autol-
ogous DED has a variable capacity for spontaneous epidlelial 
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regeneration, which probably relates to the thickness of split skin 
taken for the preparation ofDED. W e have used DED prepared in 
a way that allows a higher level of spontaneous regeneration to 
model the situati.on pertaining to a partial-thickness wound grafted 
with a CE sheet, to see whether the cells of the cultured graft are 
incorporated into the new epithelium. The capacity to distinguish 
such grafted autologous epithelial cells from their spontaneously 
regenerated counterparts is an essential tool for further studies of 
CE grafting in the development of new wound-healing strategies. 
Moreover, the abiliry to reform epidermis with retrovirally trans-
duced cells is a key step along the path to the eventual deployment 
of gene therapy strategies to modulate the efficiency of the wound-
healing process . 
MATERIALS AND METHODS 
Animals Large White pigs aged 6-7 wk and weighing 20-25 kg (Bury 
Farm, Edgeware, Mjddlesex, UK) were used in tlus study. After 6 wk, the 
animals weighed 65-75 kg. The animals were housed in individual pens and 
fed once a day with 1.5 kg Quality Pig Feed (j & W Atlee Ltd, Parsonage 
Mills, Dorking, Surrey, UK). 
Culture of Porcine Keratinocytes Split skin measuring 10 cm long X 
5 cm wide X 200 /.un tluck was harvested with a Watson knife from the 
paravertebral area and incubated in 0.25% trypsin for 2 h at 37°C. T he 
detached epidermal layer was minced, mechanically shak en in the trypsin 
solu tion to obtain a cell suspension, and then filtered through a fine mesh 
sieve to remove debris. The resulting cells were resuspended in keratinocyte 
growth medium. Tlus consi sted of ca lcium-free Opti-MEM-l (Gibco BRL, 
Life Technologies, Paisley, UK) supplemented with penicillin/streptomycin 
at 100 U /100 /Lg per ml, 2 mM L-glutamine, 1.25 /Lg amphotericin per ml, 
1% fet.11 bovine serum, and 0.5 mM Ca2 +. Tissue culture plasti c surfaces 
were coated with rat-tail collagen I (Sigma, Poole, UK) using a solution of 
50 /Lg per ml in 0.02 M acetic acid for 2 h (Hengge el aI, 1996). Retroviral 
producer cells (GP + EnvAm1 2 laeZ nls) for keratinocyte transduction (see 
below) or Swiss 3T3 mo use fibrobl ast feeders w ere grown in Dulbecco's 
modified Eagle's medium/10% feta l bovine serum, supplemented with 
penicillin /streptomycin at 100 U / l00 /Lg per ml, 2 mM L-glutamine, and 
1.25 /Lg amphotericin per ml. The cells were irradiated with 60 Gy from a 
137 Cs source immediately before use. For routine cultme, 4 X 10(, (5 X 10" 
cm - 2) freshly dispersed keratinocytes were seeded into 75_cm2 flasks with 
either 2 X 10(' (2.5 X 104 cm - 2 ) irradiated retroviral producer cells or 2 X 
10" irradiated 3T3 fibrob lasts . Prinlary cultures reached 80% confluence by 
7-10 d, at wluch point they were dispersed with 0.05% trypsin/0.02'!!', 
ethylenediamine tetraacetic acid (Gibco ERL, Life Technologies) and 
subcultured in the ratio ofl:3 onto a further 2 X 106 irradiated 3T3 feedcrs . 
Secondary cultures became confluent monolayers after 3- 4 d. After a 
further 7 d, confluent graftable sheets could be detached from the flask by 
incubating with 2 mg Dispase per ml (Boehringer Mannheim, Lewes. UK) 
at 37"C for 40 min. The development of these methods for growth and 
transduction of cultured porcine keratinocytes are described in detail 
elsewhere (Bevau et ai, 1997). 
Retroviral Transduction R etroviral trallSduction was carri ed out with 
the vector MFG laeZ rus (Ferry el aI, 1991) produced from ti,e amphotropic 
packaging line GP + EnvAm12 (Markowitz et aI, 1988). Tlus vector encodes 
an Escherichia coli laeZ gene containing a 21-amino acid nuclear localization 
sequence (nls). A retroviral titer of 1.5 X 105 mr ' was recorded in 
supernatant from the producer cells when assessed by plating dilutions on 
3T3 cultures in the presence of 8 /i-g polybrene per ml and scoring for the 
number of laeZ-positive cells. For transduction , primary porcine keratino-
cytes were plated simul taneously with irradiated retroviral producer cells in 
the absence of polybrene, and passaged onto irradiated 3T3 feeders as 
described previously. When secondary cultures became confluent mono-
layers, transduced keratinocytes within the monolayer were detected using 
the substrate 5-bromo-4-cloro-3-indoyl /3-D-galactoside (X-Gal; Gibco 
BRL, Life Technologies). The cultures were rinsed twice with 5 ml 
phosphate-buffered saline (PBS) and fixed for 5 min at room temperature in 
PBS containing 2% formaldehyde and 0.2% glutaraldehyde. After two 
further washes in PBS, the cultures were incubated for 2 h at 37°C ill PBS 
containing 5 mM potassium ferricyanide, 5 mM potassium ferrocyanide , 2 
mM magnesium chloride, and 0.1 % X-Gal. T ransduced cells were identified 
by a deep blue color ill the nucleus. The efficiency of transduction was 
31lalyzed using a Charged Couple Device camera imaging system (Seescan 
Imaging UK, Cambridge, UK) to capture 50 random fie lds of known fIXed 
area, 31ld the number of laeZ-positive cells was scored manually. All nuclei 
in the culture were then stained with hcmatoxylin, and five random fields 
were captmed and counted manually. The frequency of transduced cells 
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was obtained by dividing the mean number of transduced ce lls per unit area 
by the mean number of total cells p er unit area . 
Anesthesia and Surgery Anesthetic and surgical procedures have been 
published previously (Kangesu el aI, 1993a, 1993b) . Briefly, the animals 
were sedated by intramuscular injection of a mixture o f ketamine 5 mg/kg 
(Vetalar; Parke-Davis Veterinary Ltd , Ponrypoo l. Gwellt, UK) and " .. y lazine 
1 mg/kg (Rompun; Bayer, St. Edmond 's, UK). Anes thesia was induced and 
maintained with 2-5% halothane (Fluothane; Zeneca Ltd, Macclesfield, 
C heshire , UK) and 3-5 Llmin of a 50:50 nuxture o f lutroUS oxide and 
oxygen (EOC Ltd. Guildford, Surrey, UK). Topicnllignocaine gel B.P. 2% 
(Biorex Laboratories Ltd, London, UK) was applied to split-skin donor sites, 
and postoperative analgesia was provided by a single subcutaneous injection 
of 100-200 /Lg of bllprenorphine (Temgesic; Reckitt & Colman Products 
Ltd, Hull , UK). Antibiotic prophylaxis was provided by a single preopera-
tive intramuscular injection of 350 mg amoxiciUin/87.5 mg clavulanate 
(Synulox; Smith Kline Beecham Arlimal H ealth, Surrey. UK). Up to three 
circular fuU-tluckness wounds were created 0 11 each flan k, 4 cm in diameter 
and down to the muscle fascia in dep th. The wounds were isolated from tlle 
surrounding skin edge by polytetrafluorocthylene chambers (Kangesu et aI, 
1993b) (13ioengineering Department, Northwick Park Institute fo r Medica] 
R esearch, Harrow, Middlesex, UK), which were secured in place with 210 
silk sutures (Mersilk 210; Ethicon Ltd, Edinburgh , Scotland). The wounds 
were covered with nonadherent dressings (N/ A Ultra; J ohnson & Johnson, 
Ascot, UK) and were grafted with DED 24 h later. 
Grafting Procedure OED was prepared as fo llows. Autologous split 
skin of 400-600 /Lm in tbickness Was harvested with a Watson lmife from 
the paravertebral arcas, cut in to discs 4 cm in diameter, and transported at 
4°C from the operating theater in Dulbecco's Modified Eagle's Medium 
(Gibco BRL, Life Technologies) containing 5'% feta l bovine serum, 600 U 
penicillin per ml , 600 /Lg streptomyc in per ml, 250 /Lg gentamicin per mI. 
and 1.25 /Lg amphotericin per ml (transport medium). In the tissue culture 
laboratory , the split-skin discs were washed three times with Hank's 
balanced sa lt solution (Sigma) and incubated in Dulbecco 's modified Eagle's 
medium conta ining 2 mg Dispase per ml for 24 h at 4°C. T lus allowed the 
epidermis to be mechanica lly separated from the dermis. T he resulting DED 
sheets, 300-500 /Lm thick, were washed three times with Hank 's balanced 
salt solution to remove the Dispase and w ere laid onto the wo und beds in 
the correct aJlat0111ic orientiltion , with th e bascnlcnt J11 Cnlbran c surf.'lce 
uppermost. Nonadherent dressings were applied, and the DED grafts were 
le ft to " take" fo r 7 d. Autologous kenltinocyte cultures were initiated 2 wk 
before creation of the wounds by the methods desc rihed previous ly. When 
secondary cultures became confluen t mono layers. one culture was stained ill 
sitll to reveal the level of retroviral tran sduction. T he remailung cultures 
were maintained for 7 d, after wluch it proved possible to detach the sbeets 
from their cltlture fl asks by trea tment with D ispasc. Kenltinocyte sheets 
were mounted basa l side up onto sterile knitted viscose dressings (Tricotex .. 
Smith & N ephew, C hcssington, UK) and transported at 4°C to the 
operating theater in petri dishes containing lU'MI 1640 mcdiwn (Gibco 
13RL, Life Technologies) . T he grafts and Tricotex were inverted onto the 
engrafted DED, wluch brought the basal surface of the graft into direct 
contact with the DED , while the Tricotcx remained on top as " dressing. 
Additional surgical gauze dressings were applied, and a molded , foam-lined 
Orthoplast (jolmson &J ohnson)jacke t was strapped around the trunk of the 
animals to protect the wounds (Kangesu el aI, 1993b). Dressing changes 
were carried out under general anesth esia at weekly intervals, and the 
wounds were cleaned and inspec ted for infection. At 2 wk, each wound was 
photographed, and the area of epithelial cover was traced directly onto 
transparen t film for subsequent computerized image analysis. T he outline of 
tbe traced epitheljal margin was captured on the computer screen of a 
Seescan C harged Couple Device camera imaging system , and after calibra-
tion against a standard length , the surface area bounded by the outline was 
calculated by the computer algoritllm and expressed as a percentage of the 
total wound area. 
Wound Harvesting and Histochemical Staining for lacZ Marking 
Wound harvesting was carried out 2 and 3 wk after grafting. The wounds 
were excised as whole discs, incorporating their enti.re circumference and 
their full depth down to the muscle. The surface of these excision biopsies 
was scored with a scalpel in a grid pattern 3-4 mm deep to aid penetration 
of fixative and stain. Whole biopsy specimens were fixed with 2% 
formaldehyde/0.2% glutaraldehyde in PBS for 24 h at room temperature 
and tl,en incubated fo r 2 h at 37"C in PBS containing 5 mM potassium 
ferricyanide, 5 mM potassium ferrocyanide, 2 mM magnesium cbloride, 
0.01 % sodium deoxycholate , 0.02% [tert-octylphenoxy poly (oxyethylene) 
etha'llolj (Igepal; Sigma), and 0.1 % X-Gal. The stained specimens were then 
washed twice in PBS and photographed . Representative samples (approx-
imately 5 mm long X 3 mm wide X 4 mm deep) of areas that had stained 
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Table I. LacZ Transduction Frequency in Cultured 
Epidermal Sheets Used as Autografts" 
Pig Number Frequency of Transduced Cells (%),. 
5 10.2 
6 14.2 
7 31.8 
11 7.5 
12 12.0 
a Porcine keratinocytcs were isolated and rransd uced by growth on retroviral 
producers, as described in NJaterials mul Methods. The cultures were spHt 1:3 and grown 
to confluence on 3T3 feeders. Transduced cells were stained in their culture flasks with 
X-Gal substrate. and 50 random fields were counted for IneZ-positive cells. All nuclei 
in the culture were then stained with hematoxylin, and five random fields were 
counted. 
b The transduction frequency was obtained by dividing the mean number of 
transduced cells per unit area by the mean number oftota! cells per un.it area. The mean 
overall transduction frequency was 15.1 :!: 4.3% (meatl :!: SEM). 
blue were excised and blocked in OCT compound (Tissue-Tek; Miles Inc, 
Elkhart, IN). Cryosections 15 !Lm thick were cut and counterstained with 
eosin only. Hematoxylin was omitted in case it obscured the blue stain of 
lacZ-positive cells. Sections were mounted in DPX (BDH, Poole, UK) and 
examined under bright-field microscopy. 
RESULTS 
Retroviral Marking of Epithelial Sheets Prepared From 
Cultured Porcine Keratinocytes Retroviral marking of cul-
tured porcine keratinocytes using the vector MFG-laeZ nls was 
established to assess the contribution that CE autografts make to the 
healed epithelium in a porcine model of wound healing using 
autologous DED in the graft bed (Kangesu et ai, 1993a, 1993b). 
Using a modified method of porcine keratinocyte culture on 
collagen-i-coated flasks, primary porcine cells were transduced, in 
the absence of selection, by growth for one passage on irradiated 
retroviral producer lines . To avoid the possibility ofintroducing any 
~ retroviral producer cells onto the porcine wounds, we then split the 
retrovirally transduced keratinocyte cultures 1:3 and passaged them 
to confluence on standard 3T3 feeders before grafting. Table I 
shows the range of transduction efficiencies accomplished with five 
separate animals in tllis study. The mean (± SEM) transduction 
frequency was 15.1 ± 4.3%. Confluent layers were matured before 
> grafting for 1 wk after reaching confluence. Figure 1 shows a 
cross-section through a marked keratinocyte sheet ready for graft-
ing. The layers are on average one to two cells thick. When 
exposed to the X-Gal substrate, the retrovirally marked cells are 
clearly visible by their blue-stained nuclei. 
Cultured Epithelial Grafts to De-Epidermized Dermis 
Full-thickness wowlds were created and grafted with autologous 
DED in seven pigs. Generally, two animals were operated on at 
intervals of 2 wk. After 7 d, eight wounds received retrovirally 
marked autologous keratinocyte grafts, six wounds received un-
marked keratinocyte grafts, and 16 wounds were left as DED grafts 
alone. Two weeks after grafting, successful "take" was indicated by 
the presence of a well-developed epithelium. Table II shows the 
calculated areas of epithelial cover for each type of graft at 2 wk. In 
those wounds that received cultured keratinocyte grafts, the mean 
(± SEM) area of new epithelium was 48.4 ± 3.1% of the total 
wound surface. On wounds where DED was left ungrafted, the 
area of spontaneous epithelial regeneration from dermal append-
ages was 32.3 ± 5.8%. This dilference was not statistically signifi-
cant (p = 0.105) . 
To evaluate the contribution to the new epithelium made by the 
grafted cells, we excised the wounds and incubated them with 
X-Gal substrate. Areas containing transduced keratinocytes were . 
visible macroscopically as intensely stained blue epithelium (Fig 
Za) . When examined under the dissecting microscope, densely 
stained patches were intermingled with thinly scattered colonies of 
transduced cells (Fig 2b). Unmarked control CE grafts and regen-
erated epithelium on DED remained unstained (not shown). The 
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Table II. Percentage Area of Epithelial Cover for 
Wounds 2 wk After Grafting 
Number of 
Graft Type" Wounds Epithelial cover (%)b 
IneZ-Marked CE 8 49.5 :!: 4.1 
Unmarked CE 6 46.8 :!: 5.3 
DED only 16 32.3 :!: 5.8 
I I Porcine keratinocytcs were isolated and grown on either retroviral producers or 
3T3 feeders. as described in Mntc,ials alld Metltods. The cultures were split 1:3 and 
grown CO confluence on 3T3 fceders. The sheets were allowed to mature for 7 d before 
being detached with Dispase and grafted onto full-thickness wounds. which had becn 
grafted with fresh autologous OED 7 d earlier. 
b Areas of epithelium were calculated after 2 wk by compuccrized image analysis of 
acetate transparency tracings of the wound . The results are expressed as m ea.1l ± SEM. 
Values for marked and unmarked CE-graftcd wounds were combined (11 = 14) to give 
an overall 48.4 ± 3.1 %. This was not significantly greater than the area of epithelial 
regeneration on OED-on I)' wounds (p = 0.1 05. Mann-Whitney). 
granulation tissue deep to the CE graft frequently appeared light 
blue macroscopically, but this was easily distinguishable from the 
specific epithelial staining, wllich was deeper blue and more 
intense . Moreover, histologic sections prepared through tile weakly 
blue-stained granulation tissue revealed no staining whatsoever 
(not shown) . 
Histologic Sections Through Epithelium Receiving Retro-
vir ally Marked Keratinocytes Areas of macroscopically visible 
blue-stained epithelium were sampled at random. Areas of regen-
erated epithelium from DED-only wounds and wounds grafted 
with untransduced porcine keratinocytes were also sampled as 
controls. Specific staining was easily identified by the nuclear 
localization of the lacZ introduced by the vector. Of the eight 
wounds that received marked grafts, six were excised at 2 wk. From 
these six wounds, nine areas were sampled and 184 cryostat 
sections were cut. Generally, the marked cells were distributed in 
two patterns. Twenty-seven sections (15%) showed transduced 
cells occupying deeper, less dilferentiated layers of the epithelium 
(Fig 3a,b). In the remaining sections (85%), lacZ cells were 
confined to the superficial layer (Fig 3c). There were 110 positive 
cells in control sections of unmarked CE grafts or regenerated 
epithelium on DED (not shovm). 
The remaining tvvo wounds that received marked grafts were 
harvested 3 wk after grafting. In one wowld, there were no 
macroscopically visible blue areas. In the second wound, there were 
several laeZ-positive areas, but the proportion of the total wound 
area was substantially lower than the area occupied by laeZ-positive 
cells at 2 wk. Cryostat sections were cut from each of the blue a.reas 
within the epithelium at 3 wk. All of tllese areas yielded sections 
with both superficial and deep lacZ cells. One area contained 
sections displaying lacZ cells (Fig 3d) in a columnar arrangement, 
beginning in the basal layer and ascending progressively through 
the differentiating suprabasal layers to reach tile surface. This 
pattern is llighly suggestive that cultured keratinocytes with a basal 
phenotype and lligh proliferative potential have become incorpo-
rated into the new epithelium. 
DISCUSSION 
The Large Wllite pig is a widely used model for studies of human 
wound healing because the anatomy and wound-healing processes 
are sinillar in the two species (Compton, 1994). Our Large Wllite 
pig model, established by Kangesu et al (1993a, 1993b). uses a rigid 
polytetrafluoroethy1ene chamber that protects the wound, prevents 
contractions from closing the defect, and prolongs the period 
during wllich the wound-healing process can be observed. In this 
study, we used retroviral marking of cultured keratinocytes to study 
the fute of grafted autologous epidermal cells ill I/ivo. The trans-
duced marker gene is stably integrated into the cellular genome and 
is passed on to the cells' progeny as they proliferate ill vitro and ;'1 
vivo. Using the laeZ gene containing a nuclear localization sequence 
(nls) to concentrate X-Gal staining to the nucleus, we have shown 
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Figure 1. Cross-section through a laeZ-marked CE graft. Porcine 
kcratinocytes were transduced by growth on irradiated retroviraJ producer 
cells as described in Matelials alld Metfrods, split 1:3, and grown to confluence 
on irradiated Swiss 3T3 fibroblasts. Graftable sheets were detached with 
Dispase, fIxed, stained with X-Gal, and rolled up to facilitate handling for 
sections. Cryosections of 15 p.,m were cut and counterstained with eosill. 
Scale ba,., 50 p.,m . 
that autologous cells make significant contributions to the total 
surface area of the new epithelium, which is in keeping with the 
representation of the transduced cells in the original grafted sheets. 
An important consideration for these experiments cOl1cems the 
potential for irradiated amphotropic retroviral producer cells to be 
carried onto the wowld with the CE grafts, where they may 
transduce keratinocytes emerging from dermal remnants. This 
appears to be very unlikely. First, because the keratinocytes are 
cultured on retroviral producers until 80-90% confluence, many of 
the irradiated retroviral producers will have already been displaced 
when the culture is passaged onto 3T3 feeders. These cultures are 
then groW~l to confluence and matllred for 7 d before removal with 
Dispase. It is an exceedingly remote possibility that an irradiated 
...., 
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retroviral producer could be carried to the wound bed. Analysis of 
medium removed from the cultures before graft detachment £'liled 
to revea.! any capacity to transduce fi'esh 3T3 fibroblasts with laeZ. 
Furthemlore, the retroviral producers are a nnu'ine-del;ved cell 
Hne, so they would be subject to immunologic attack on the porcine 
host. In addition , if there were producti.on of laeZ retrovirus from 
cells grafted onto the wound, one might expect that some cells 
within deanal ti ssue would be transduced. No laeZ-positive cells 
were ever observed with.in the dermis. 
The Large White pig was also used by Vogt et al (1994) in an 
earHer study of retrovirally transduced keratinocytes. Autologous 
keratinocytes were transduced with the laeZ reporter gene or the 
human growth hormone gene by incubation with virus-containing 
culture supernatant. Keratinocyte suspensions were then applied 
onto fuU-thickness wounds, wh.ich were isolated from the sur-
rounding skin by flexible vinyl chambers (Breuing el aI, 1992; Vogt 
e/ ai, 1994). These chambers also served to contain the cell 
suspensions and behaved as .. ill VirlO cell culture devices." Kerati-
nocytes expressing laeZ were observed in the resulting tissue. Our 
study differs in several technical aspects: Keratinocytes were trans-
duced by growth on irradiated retroviral producer cells, and sheet 
grafts rather than cell suspensions were used. Furthermore, instead 
of grafting directly onto muscle , we initially prepared the wOlUlds in 
our experiments with autologous DED. It has become apparent that 
the outcome of CE grafting is critically dependent on the wound 
bed. Reciprocal interactions between epitheHal celJs and connec-
tive tissue components in the dermis are essential for normal 
epidermal development (Pusenig, 1994). This aspect of tbe present 
model mirrors attempts to provide a dermal substrate for clinical CE 
grafting (Cuono et aI, 1986). In the Cuono teclmique, bum wounds 
are initially grafted with cryopreserved cadaveric dennis, while the 
patients' autologous keratinocytes are propagated in culture. Sub-
sequently, the alJogellic epidennis is mechanically removed, while 
the dermal component appears to engraft, and tills provides a 
suitable bed for the subsequent application of the CE autografts. 
Survival of the allogenic dermal compon ents may be due ill part to 
the profound immunosuppression of burn patients. In OUl' model, 
preHminary studies showed tllat autologous DED is superior to 
allogenic dermis for graft bed preparation (T. Kallgesu, personal 
Figure 2. Detection ofretrovirally transduced autologous keratinocytes in grafted wounds. Porcine keratinocytes were transduced with a laeZ 
retroviral vector and grown into sheets as described in Materials alld Metfrods. The CE sheets were grafted onto wounds prepared with fresh autologous OED. 
Wound biopsy specimens were fixed whole for 24 h and incubated with the X-Gal substrate for 2 h at 37°C. Areas containing transduced cells staill deep 
blue. (a) Macroscopic view of a whole wound excision biopsy (4 cm in diameter) 2 wk after grafting. An arca removed for preparing 15-/Lm cryosections 
is shown. (b) Detail of laeZ-stained epithelium in whole wound biopsy as scen under the dissecting microscope. Senle dillisiolls, 1 mm. 
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communication). The appreciable amount of spontaneous epithelial 
regeneration that can result from autologous dermis, however, 
which we h ave intentionally reproduced (Table II) , ensures that 
the results of aU such experiments must be treated cautiously, in the 
absence of techniques that distinguish grafted autologous cells from 
cells that have arisen through regeneration from derma] elements. 
In this study, using cultured grafts containing retrovirally marked 
cells at an average frequency of15.1%, we have consistently been 
able to identity transduced epithelial cells in wound biopsy speci-
mens, with no false-positive results in control wounds. Transduced 
ceUs occupied all layers of the epithelium in approximately one 
in six sections through macroscopic blue-stained areas examined 
at 2 wk. In the 3-wk specimens, the number of IneZ-positive 
areas was substantially reduced. T his is understandable if most 
superficial marked cells at 2 wk have been lost by natural 
replacement. We were able, ho wever, to detect a co lumnar 
configuration of laeZ-marked ce lls in one area at 3 wk. At 
present, we have not looked any later than 3 wk, so it is no t 
possible to know how much longer transduced cells can persist 
in the basal layers of the epidermis. 
We speculate that the columnar appearan ce observed in one 
wound might represent transduced elements of an epidennal 
proliferative unit, as proposed by Potten (1974, 1981). In this 
model, a stem cell lies at the base of a column of supra basal cells, 
and the supra basal terminally differentiating keratinocytes are its 
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Figurc 3. Histologic sections through 
X-Gal-positive areas of 2- and 3-wk 
biopsy specimens of CE-graftcd 
wounds. (n,b) LneZ-transduced keratino-
cytes occupying all layers of the epidermis 
in wounds after 2 wk. Transduced kerati-
nocyees were detected in deep layers of 
the epidermis in 27 of184 (15%) of15-J.Lm 
cryosections taken through areas that 
stained blue at the macroscopic level. (c) 
LneZ-transduced kcratinocytes occupying 
only tbe superficial layers of the epidemus 
at 2 wk. Transduced keratinocytes were 
detected in superficial layers oILly in 157 of 
184 (85%) of 15-J.Lm cryosections taken 
through areas that stained blue at the 
macroscopic level. (d) Persistence of IneZ -
transduced basal cells in a 3-wk specimen. 
T he LneZ stairling pattern in this section 
suggests that transduced basal cells are 
giving rise to progeny that are ascending 
suprabasaUy in a column tluough their 
differentiation pathway. S enle bnr, 50 fJ..m. 
progeny. In clinical studies, it has been surmised that stem cells 
must have been present in human keratinocyte culture when a 
permanent epith elium resulted from CE grafts applied to unequiv-
ocally full-thickness burn wotmds excised to fascia (Gallico el ai, 
1984). In the laboratory, Garlick el al (1991) were able to eA-:pand a 
sin gle clone of NeoR-transduced human keratinocytes to 109 cells, 
leading them to conclude that stem cells must have been trans-
duced. T he long-term persistence of transduced keratinocytes ill 
vivo, however, may prove to be more difficult, given evidence that 
retrovirally transduced genes may be switched off (Fenjves el nl, 
1996). Furthennore, a stem cell that has been transduced ill Il ilm 
may cease to be a stem cell ill VirlO if the environment is unf.worable. 
Although Jones et al (1995) showed that the stem cell phenotype 
and distribution in human keratinocytes are retained ill vitro, 
suggesting that they are intrinsic characteristics, the importance of 
the cellula.r microenvironment ill ,';,10 cannot be excluded. TillS 
"niche" hypoth esis (Hall and Watt, 1989) emphasizes that specific 
combinations of growth factors, extracellular matrix molecules, and 
neighboring cell types ill VirlO maintain the stem cell phenotype and 
govern the proliferation or differentiation of its progeny. It remains 
to be seen exactly how preparation of the graft bed with a suitable 
substrate will have to be performed to maintain ill Il ivo the 
phenotype of any putative stem cells that might have been isolated 
by keratinocyte cu lture ill vitro. 
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A previous report employing techniques very similar to those in 
the current study used retrovirally transduced canine keratinocytes 
transplanted on collagen gels seeded with autologous fibroblasts 
(Stockschlader et ai, 1994). Persistence of laeZ-expressing cells was 
encountered, although it is unclear whether the teclmiques used led 
to the formation of a well-defined epithelium. Similarly, studies 
using retrovirally marked human keratinocytes grafted onto nude 
mice have failed to demonstrate incorporation of the marked 
keratinocytes into basal cells of the epithelium Oensen et ai, 1994). 
T lus may be due to a combination ofkeratinocyte differentiation in 
culture, the methods of gene transfer, and the lack of correct 
dennoepithelial interactions within the wound bed. This study has 
established that it is possible to obtain a retrovirally marked cell in 
a basal position that displays high proliferative potential. Further 
work will be needed to define the conditions that maxinlize the 
efficiency with which these events are observed. 
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